The photoconductivity of single-crystalline selenium nanotubes (SCSNTs) under a range of illumination intensities of a 633 nm laser is examined using a novel two-terminal device arrangement at room temperature. It is found that SCSNTs forms Schottky barriers with W and Au contacts, and the barrier height is a function of the light intensity. In the low-illumination regime below 1.46 × 10 −4 μW μm −2 , the Au-Se-W hybrid structure exhibits sharp on/off switching behaviour, and the turn-on voltages decrease with increasing illuminating intensities. In the high-illumination regime above 7 × 10 −4 μW μm −2 , the device exhibits ohmic conductance with a photoconductivity as high as 0.59 cm −1 , which is significantly higher than the reported values for carbon and GaN nanotubes. This finding suggests that a SCSNT is potentially a good photo-sensor material as well as a very effective solar cell material.
Introduction
As an important elemental semiconductor, selenium shows a variety of interesting properties, such as high photoconductivity, nonlinear optical response, and commercial applications in photovoltaic cells, rectifiers, photographic exposure meters, and xerography. Like other photonic semiconductors [1] [2] [3] [4] , when the dimension and sizes are reduced, a selenium nanostructure is expected to show some quantum-size effects that might offer new or improved photonic applications. In recent years, new synthetic methods for the fabrication of onedimensional (1D) selenium nanostructures have been successfully developed [5, 6] . So far, however, there have been very limited reports on the physical properties of the nanostructure of Se, especially as an electrical or photonic device. Here we report on a detailed study of the photoconductance of trigonal selenium nanotubes fabricated by a unique, facile and large-scale synthesis method. Extending the scanning tunnelling microscopy (STM) stepper techniques [7] , we have 3 Author to whom any correspondence should be addressed. successfully developed a novel approach for making clean electrical contacts to individual Se nanotubes to form twoterminal devices for our transport measurements. This versatile technique avoids contact problems often encountered in lithographically patterned devices due to contamination or damage from energetic electron or ion beams. The device made using the present technique forms reliable Schottky barriers at the semiconductor-metal contacts and a back-to-back Schottky diode device. Together with the photo-excitation of the carrier under different light intensities, this type of device exhibits I -V characteristics suitable for photo-sensor and photo-cell applications.
Experimental details
Single-crystalline t-Se nanotubes were synthesized by the dismutation of Na 2 SeSO 3 under acidic conditions in micellar solutions of the surfactant poly(oxyethylene) dodecyl ether C 12 E 23 , which is a non-ionic surfactant with a low critical micelle concentration in aqueous solution (typically 4 × 10 −5 −2 × 10 −4 M) [6] . Figure 1 shows a scanning electron microscope (SEM) image of the t-Se nanotubes. The nanotubes' diameters typically range from 80 to 300 nm and lengths range from several micrometres to more than 100 μm. The tubes have a well-facetted prism morphology with a relatively uniform wall thickness (30-50 nm) and pseudo-hexagonal or pseudo-triangular cross sections. XRD measurements (data not shown) further confirm that the t-Se nanotubes have single-crystal structure with {110} planes on the sides [6] .
To perform electrical transport measurements on a single nanotube, we extract an individual tube from the solution by means of dielectrophoresis (DEP). We prepared a sharp tungsten tip by electrochemical etching in a KOH solution of 5 mol l −1 [8] , followed by chemical etching with dilute HF solution to remove oxidized layers [9] . As illustrated in figure 2(a), the tungsten tip is positioned above a metal electrode (a Au film of a few hundreds of nanometres thick deposited on silicon dioxide substrate) via a high-precision mechanical stage. The apex of a tungsten tip was illuminated by a light-emitting diode (LED) and monitored by a chargecoupled device (CCD) camera in real-time. The tip-facingtip image in the upper-right of figure 2(a) is the CCD image (with 100 times magnification). From this image, we can estimate that the distance between the tip apex and electrode was about 30 μm. After fixing the tip at this position, we dropped a nanotube solution onto the apex part, and turned on the function generator to generate an ac electrical field. In this process, nanotubes and nanoparticles with a longer dimension having a larger dipole moment are attracted and aligned to the tip sooner than small particles, such as impurities 4 . Figure 1 (b) shows a typical image of an SCSNT attached to the tip using this DEP process. 4 In a nonuniform electric field, the DEP force can be expressed by
where a is the longest dimension of the particle, ε m is the dielectric constant of the medium, ε p is the dielectric constant of the particle, and E is the electric field. When we set the ac voltage V PP = 15 V and frequency f = 1 MHz; the maximum electric field was about 2.5 × 10 5 Vm −1 . See [10] . Our two-terminal transport measurement system is shown in figure 2(b) , where the nanotube forms one contact with the tip and the other with the Au electrode. A computer-controlled piezo stepper is used to move the tip and nanotube towards the Au electrode in 20 nm steps and at about 20 steps per second [7] . A feedback circuit similar to a scanning tunnelling microscope servo system is used to promptly hold the tip position when a current is detected as a result of the contact between the nanotube and the Au electrode. This method leads to reproducible and controllable contacts and avoids the oxidation and contamination problems often encountered in the conventional patterned electrode using the lithographical technique.
Results and discussion
For photoconductivity measurements, we illuminate the SCSNT with a He-Ne laser (λ = 633 nm), and the illumination intensity was precisely controlled by two polarizers. One polarizer is parallel to the laser's polarized axis while the other is rotated with respect to the first polarizer to yield the desired light throughput. The laser spot was about 650 μm in diameter and its maximum power was 2 mW in the central part. Assuming a Gaussian distribution of the laser beam and neglecting the scattering from the SCSNT, we estimate that the maximum area power near the centre of the SCSNT was about 60 × 10 −4 μW μm −2 . We first measured the dark current using an aluminium foil to shield the ambient light. As shown in the black curve in figure 3(a), under dark conditions the I -V exhibits a gap of 2.24 eV, with a characteristic of two back-to-back Schottky diodes in the W-Se-Au structure. Reverse bias break-down occurs at −0.99 and +1.25 V, respectively. Note that the gain of the current preamplifier was set to 10 8 , so that the current saturates at ±100 nA.
The photocondutance for various illumination intensities is shown in figures 3(a)-(c) . From 0.018 × 10 −4 to 1.46 × 10 −4 μW μm −2 illumination ( figure 3(a) ), the I -V spectra continues to show a reverse bias break-through character at both positive and negative biases, but the gap reduces as the photo power increases, suggesting a reduction in the Schottky barrier heights at the nanotube-metal contacts. Note that there is slight asymmetry on the barrier height at these contacts, which can be attributed to the difference in the work-function between the W tip and the Au electrode. When the illumination power rises to between 1.5 × 10 −4 and 5.7 × 10 −4 μW μm −2 , the sharp break-down characteristics of the I -V curves are now replaced by reverse leakage current for either biases, as shown in figure 3(b) . Finally, when the illumination power exceeds 7 × 10 −4 μW μm −2 , the I (V ) curves show ohmic behaviour ( figure 3(c) ). Beyond 25 × 10 −4 μW μm −2 photo power, the slope of the I -V curve does not change any further, indicating that carrier saturation is reached.
Trigonal selenium is generally accepted as a p-type extrinsic semiconductor, and conduction occurs due to valence band hole transport [11] . Despite the fact that trigonal selenium has a band gap of about 1.6 eV, the room-temperature dark conductivity is usually in the range 10 −6 -10
cm −1 . Thermoelectric power measurements indicate that at room temperature the majority carriers' concentration is about 10 13 cm −3 [12] . The bulk material electron work-functions of W, Se, and Au are 4.55, 5.9 and 5.1 eV, respectively. Under equilibrium conditions at zero bias, metal-semiconductor (MS) contact and charge transfer cause the band bending near the contacts and Schottky barrier formation as illustrated in figure 4(a) , resulting in a back-to-back diode device of figure 4(b). When a voltage is applied across the two MS contacts, one diode is forward biased while the other is reverse biased, as shown in figures 4(c) and (d). For example, when a positive voltage is applied to the W tip, a W-Se Schottky junction is reverse biased while a Au-Se junction is forward biased. In the low-bias regime (0.99 V > V > −1.25 V), the circuit is in an off-state. The applied voltage on the W tip V A = V W−Se + V Au−Se . When V A equates V Flat−Band [13] , most of V A (positive biased, for example) is applied to the W-Se MS junction. When V A is raised to V Breakdown = 1.25 V in dark conditions, reverse avalanche breakdown occurrs in the W-Se junction [13] , and there is a rapid rise in the current. The same happens to the Au-Se junction for negative polarity, but the turn-on voltage is slightly different due to the variation in the difference in work-function. Under illumination, photo-generated carrier will raise the Fermi level in the Se nanotube and hence lower the Schottky barriers at the MS contacts. This results in a lower switchon bias voltage, as shown in figure 3(a) . As the barrier height lowers further with increasing illumination intensity, the reverse breakdown voltage was not enough to induce the avalanche process, so the current rises slowly instead ( figure 3(b) ). Since most of the bias voltage falls at the reverse bias junction, the switch-on points are the measure of the respective Schottky barrier heights. Figure 5 (a) plots the change in the Schottky barrier heights as a function of illumination intensity. It shows that the Schottky barriers decreased continuously with increasing illumination intensity but the difference between the Schoottky barrier heights is almost constant at ∼0.26 eV (within the measurement error bars) before reaching carrier saturation. It should be noted that the illumination intensity values are somewhat over-estimated, because we have not taken into account the effects of incident light scattering from the Se nanotube.
When the illumination intensity equals or exceeds 7 × 10 −4 μW μm −2 , both Schottky barriers nearly disappear and the conductance exhibits ohmic behaviour, as shown in figure 3(c) . Finally, when the illumination power reaches 25 × 10 −4 μW μm −2 and above, the conductance saturates. Figure 5(b) shows the conductance as a function of the illumination intensity, where σ = L I/ V S is extracted from the linear fits of the data in figure 3(a) with L = 10 μm, ϕ = 320 nm, and wall thickness = 50 nm. Note that R = R Au−Se + R W−Se + R se , so saturation might indicate that the contact resistances are the limiting factor and the photoconductance of a Se nanotube could be much higher than 0.59 ( cm) −1 . The dependence of photoconductivity on the illumination intensity is determined mainly by the recombination and trapping of the electron-hole pairs within solid materials, and the rate of such a recombination and trapping for selenium has been shown to depend strongly on temperature [5] . Both light adsorption and resistive heating can raise the sample temperature and affect the conductance. In our study, however, the illumination power was so low that its heating effect should not have a significant influence on the photoconductivity. Previous work on the phtoconductivity of selenium focused on amorphous selenium, liquid selenium and hexagonal metallic selenium film or bulk materials [14] . A recent experiment on t-Se nanowire yields σ = 12. [16] . An increase in the conductivity can come from an increase in carrier density or mobility, or both. The increase in photoconductivity in single-crystal materials is due primarily to an increase in carrier density. The cut-off excitation wavelength according to the t-Se band gap (1.6 eV) is ∼770 nm. Our laser wavelength, 633 nm, is sufficient to excite abundant carriers via photo-absorption, band-band transition, and valence-band to acceptor and donor to conduction-band transitions. On the other hand, photoconduction depends strongly on the efficiency of the charge separation. Any electron-hole pair that recombines within the bulk or the surface via surface states of the materials is a major loss mechanism for photo-generated carriers. Thus a small density of recombination centres is preferred. Surface traps, however, can be beneficial for charge-carrier separation, as they 'store' the charge-carrier and hence reduce the recombination rate. In nanostructures, duo to a high surface-to-volume ratio, there exist much more surface states and defects than bulk or film materials. These defects could induce more defect-localized states which might act as trapping, releasing and recombination centres of minority carriers, i.e. electrons, in selenium crystal. Consequently, mechanisms for increasing photoconduction by trapping as well as for reducing photoconduction due to carrier releasing and recombination are both enhanced in nanoscale structures, though their relative contributions vary with different materials or structures. It seems that in SCSNT the former dominates. The exceptionally high photoconductivity of SCSNT might find superior applications such as photosensor and photo-cell materials.
Conclusions
In conclusion, we have measured the photoconductivity of SCSNT using a two-terminal measurement system under different illumination intensities at room temperature. In the low-illumination regime below 1.46 × 10 −4 μW μm −2 , the Au-Se-W hybrid structure exhibits sharp switch-on and switch-off behaviour. Also, with an increase in illumination intensities, the turn-on voltage values decrease. This conclusion suggests that SCSNT is potentially a good photosensor material. On the other hand, in the high-illumination regime above 7 × 10 −4 μW μm −2 , due to a high photogenerated carrier density, SCSNT exhibits exceptional high photoconductivity. This indicates that SCSNT could also be a very effective solar cell material. Further study of the spectral dependence of the photo-conductivity of SCSNT is clearly of great interest.
